Abstract. Hyperspectral bidirectional reflectance distribution function (BRDF) data of Konza prairie grassland acquired in the First International Satellite Land Surface Climatology Project (ISLSCP) Field Experiment (FIFE) on the ground with two SE-590 instruments and remotely with the airborne advanced solid-state array spectroradiometer (ASAS) are analyzed and compared to BRDF data of dense ryegrass obtained in the laboratory and field with the European goniometric facility (EGO) and the Swiss field-goniometer system (FIGOS). The soil underlying the relatively sparse Konza prairie grass disturbed the spectral BRDF effects of the vegetation components. After a correction of the soil influence based on the bidirectional canopy gap probability, the Konza data from SE-590 and ASAS sensors showed a consistently strong dependence of spectral BRDF effects from nadir reflectance as was observed in the EGO and FIGOS data. BRDF effects were inversely related to reflectance intensities, low reflectances being associated with pronounced BRDF effects and high reflectances with low BRDF effects. This relationship is due to multiple scattering effects and is influenced by the canopy optical properties and architecture parameters such as leaf area index (LAI), leaf angle distribution (LAD), and the gap fraction. The BRDF data of the Konza prairie grass from both ground and aircraft measurements showed a strong relationship between LAI and spectral BRDF variability. Reflectance data with high spectral resolution in the red edge range from 675 to about 900 nm wavelength, acquired from the two viewing directions with maximum and minimum reflectance intensities proved to be useful for deriving vegetation canopy architecture characteristics from hyperspectral BRDF data. BRDF data with high spectral resolution from the airborne ASAS sensor and from planned commercial remote sensing satellites are therefore an ideal testbed for a further exploration of this promising approach.
Introduction
Remote sensing data have been widely applied for characterizing and monitoring the spatial extent and physiological status of terrestrial vegetation [Los et al., 1994] . The normalized difference vegetation index (NDVI) concept [Deering, 1978] proved to be partially successful even for deriving vegetation structure parameters such as the leaf area index (LAI) and ecologically relevant quantities like the fraction of absorbed photosynthetically active radiation (FPAR) [ 0148-0227/99/1999JD900094509.00 Sandmeier and Itten, 1999] . Rather than correcting BRDF effects in remote sensing data, we suggest that bidirectional reflectance information be used to improve vegetation characterization with remote sensing imagery. Qin et al. [1998] and Vogt [1997] have demonstrated in modeling and laboratory studies the advantage of B RDF data over nadir reflectance data for LAI and FPAR derivations. Abuelgasim et al. [1996] and Barnsley et al. [1997] have proved the effectiveness of singleband multidirectional data for land use classification, and investigations by Kimes [1983] and Deering et al. [1999] have shown the use of B RDF data with relatively low spectral resolution for deriving vegetation structure parameters. Suggestions have also been made to apply one-directional hyperspectral data and related techniques in vegetation studies [Hall et al., 1990 Recent results from a controlled laboratory experiment using the European goniometric facility (EGO) [Sandmeier et al., 1998a [Sandmeier et al., , 1998b and from the Swiss field-goniometer sys-9547 absorbance) are associated with high multiple scattering effects. Since multiple scattering and reflectance anisotropy are inversely related, BRDF effects are pronounced in spectral ranges with low reflectance/transmittance intensity and diminished in ranges of high reflectance/transmittance [Sandmeier et al., 1998b] .
The spectral variability of BRDF effects also depends on the canopy geometry. An erectophile canopy such as grass exhibits a strong contrast between illuminated and shadowed canopy components, but a planophile canopy such as watercress generally displays the top illuminated layers with little contrast, hiding shadowed facets and gaps underneath. Therefore the influence of multiple scattering effects on the B RDF is rather low in planophile but pronounced in erectophile canopies. As a consequence, erectophile canopies are associated with spectrally highly variable BRDF effects while in planophile canopies BRDF effects are spectrally less variable.
Two quantities are used to explore the potential of hyperspectral BRDF data to derive canopy structure parameters: The first is the anisotropy factor (ANIF), which is simply a nor- 
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where Rma x is the maximum bidirectional reflectance factor and Rmi n is the minimum bidirectional reflectance factor.
Data Sets and Test Sites
Hyperspectral BRDF data of tallgrass prairie acquired with two SE-590 spectroradiometers in the First ISLSCP Field Experiment (FIFE) are investigated. The FIFE grassland is dominated by two grass species, big bluestem (Andropogon gerardi Vitm.) and Indiangrass (Sorghastrum nutans (L.) Nash.), and has a silty loam soil (Plates 1 and 2). SE-590 data were taken for various view zenith angles in the solar principal plane under relatively clear-sky conditions with a sensor field of view of 15 ø and hyperspectral resolution between 400 and 1000 nm (Tables 1 and 2) . Two different goniometer systems were used. The NASA Goddard Space Flight Center (GSFC) team deployed a motorized two-axis leveling device that also supported the portable apparatus for rapid acquisition of bidirectional observations of land and atmosphere (PARABOLA) [Deering, 1989; Middleton, 1992] . Mounted on a tripod about 3.0 m above ground, the SE-590 was swept along the solar principal plane using the PARABOLA head as a pivot point rather than focusing on a specific sample area. The team of University of Nebraska-Lincoln (UNL) used a custombuilt transportable mast that maintained a measurement distance of 3.1 m between sensor and ground while rotated in an arc along the solar principal plane [Walter-Shea et al., 1992] , viewing approximately the same surface area at each selected view zenith angle. To match the spectral characteristics of the two SE-590 radiometers, the band wavelength centers were resampled to a 5 nm interval and smoothed with a cubic spline function.
The majority of the FIFE data analyzed in this study are from burned sites exhibiting a bare soil substrate with no litter accumulation (Plate 2). Soil BRDF characteristics were acquired by the UNL team for the same viewing angles as for the canopy by removing the surface vegetation from designated areas with a weed trimmer which left the root systems intact (Table 2) . To hinder regrowth of vegetation on days when no measurements were taken, the bare soil plots were covered with a plastic mulch which allowed moisture to pene- * AOT, aerosol optical thickness at 500 nm, averaged for measurement day.
field of view (Table 1) . In both goniometers, the sensor is pointing to the same central target area within a 2 m radius hemisphere defined by a superstructure on which the sensor is mounted.
To explore the potential of hyperspectral BRDF data for remote sensing applications, data from the advanced solidstate array spectroradiometer (ASAS) [Irons et al., 1991] . acquired over FIFE site 916 are analyzed and compared to ground BRDF data. ASAS data were atmospherically corrected and converted to surface reflectance factors by Russell et al. [1995] .
Correction of Soil Influence
Compared to the dense and uniform grass surfaces acquired in the FIGOS and EGO campaigns, the Konza prairie grassland exhibited a moderately heterogeneous and sparse canopy (Table 2 , Plates 1 and 2). Thus the FIFE SE-590 data are strongly influenced by the soil/background characteristics, whereas the EGO and FIGOS data are dominated by the vegetation canopy itself. In order to focus on physical mechanisms in vegetation canopies, the effect of soil background on reflectance measurements of the relatively sparse Konza prairie grassland was minimized.
Based on geometrical-optical principles, the total reflectance of a sparse vegetation canopy can be described as the sum of four components: around solar noon. In order to manage temperature and water stress, the prairie grass typically rolls its leaves to reduce the surface exposed to sunlight. As a result, additional gaps are introduced into the canopy which modify the BRDF characteristics of the prairie grass. Plate 2 illustrates the leaf rolling around noon, captured in Plates 2c and 2d taken on 1545 UT and 1938 UT, respectively (note: solar noon at the FIFE site appears at 1826 UT). Figure 8 , showing ANIF spectra from FIFE site 916, acquired on August 8, 1989, by UNL at solar zenith angles of 36 ø (1622 UT) and 33 ø (2014 UT), which are about 2 hours before and after solar noon, respectively. In spite of the similar solar zenith angles, the two original data sets differ significantly from each other, particularly in the backscatter direction, >35 ø. A correction of the soil influence using an LAI of 2.1 as input to the bidirectional gap probability model (see section 2.3.) seems to be feasible for the morning data set only. Use of a lower LAI of 1.7 is necessary to remove the soil influence on the afternoon ANIF spectra, particularly in the backscatter direction. However, a soil correction using an LAI of 1.7 leads to an overcorrection of the soil effect in the morning data set, most obvious at 675 nm. In the data set acquired at 44 ø solar zenith angle, later in the afternoon (at 2120 UT, not depicted) when the canopy was recovering from the midday water stress, an LAI of 2.1 again leads to a feasible correction of the soil effect. Therefore the best explanation is that the projected LAI was 2.1 most of the day (Figure 8a) , except for the midday, when it was about 1.7 (Figure 8b As discussed above (Figure 8) , the two data sets were acquired several hours apart and differ rather significantly, mostly due to the effect of leaf rolling, which enhanced the soil contribution in the early afternoon. In both data sets, the influence of soil could successfully be removed using the bidirectional gap probability (Figure 9b ). Figure 10 shows ASAS data acquired from about 8000 m above ground in the morning at two solar zenith angles original and corrected for soil influences using soil reflectance spectra from the ground UNL SE-590 instrument (Table 2 ). In Table 2. spite of rather different sensor characteristics, measurement heights, and footprint sizes (Table 1) 
Another effect related to leaf rolling is depicted in

"Upscaling" and LAI Derivation
Conclusions
Hyperspectral BRDF data of dense ryegrass obtained in the EGO laboratory and in FIGOS field campaigns, and BRDF measurements from moderately sparse Konza prairie grass acquired in FIFE by research teams from UNL and GSFC on the ground and with the airborne ASAS sensor consistently showed a strong spectral relationship between nadir reflectance and BRDF effects. In spite of the rather different reflectance intensity of the various sites analyzed, different instrumentation and measurement geometries, ANIF and ANIX transformations of data revealed comparable results for all ground and airborne BRDF measurements. Due to multiple scattering effects in a vegetation canopy, BRDF effects in grass were low in spectral ranges of high reflectance (>15%) and pronounced at low reflectance intensities (<10%). The spectral dynamics of ANIF and ANIX data were strongly related to LAI. Higher LAI lead to a pronounced spectral variability of BRDF effects. In the relatively sparse Konza prairie grass, this relationship was obscured by the soil effect, particularly at small solar zenith angles and in the backscattering spectra.
After a correction of the soil effect based on BRDF data from Konza bare soil and an analytically derived bidirectional gap probability function, BRDF effects in the Konza prairie grass showed a strong spectral variability in both forward and backward scattering directions and at all solar zenith angles analyzed.
Contrary to the NDVI which simply expresses a normalized difference between a red and a near-infrared band, the relationship between the continuous nadir reflectance spectrum and the spectral variability of BRDF effects is used in this approach to derive canopy architecture features. B RDF measurements with a high spectral resolution in the red edge range between -675 and 900 nm acquired in the two view directions with maximum and minimum reflectance intensities proved to be most useful. For this reason, a sensor with high spectral resolution and offnadir viewing capability is required. The ASAS sensor with 15 bands in the red edge range (666-873 nm) of 15 nm bandwidth each, and with seven viewing directions of up to 45 ø view zenith angle, was still adequate to capture the spectral variability of the BRDF effects, but the higher spectral resolution of the GER-3700 and the SE-590 were superior. For a comprehensive understanding of the potential of hyperspectral BRDF data three tasks are identified for further research: (1) the effects of LAI, LAD, and canopy height on hyperspectral BRDF data have to be explored in modeling studies, (2) controlled field and laboratory experiments are required to validate the modeling results, and (3) the feasibility of the approach for remote sensing applications has to be further tested with hyperspectral BRDF data from airborne and spaceborne sensors.
Appendix' Probability
Derivation of Bidirectional Gap
Bidirectional gap probability p is defined as [Qin and Xiang, 1997] where a is the one-directional gap probability at depth z within a vegetation canopy, CHS is the hot spot factor, 0 is the zenith angle, q0 is the azimuth angle, and indices i and v represent illumination and view directions, respectively.
A1. One-Directional Gap Probability
Assuming random spatial dispersion of foliage, a for the whole canopy is specified as [Qin and Jupp, 1993 
